The doubly labelled water (DLW) method was used to measure total energy expenditure (TEE) in three male reindeer (Rangifer tarandus tarandus) aged 22 months in winter (February) while the animals were living unrestricted at natural mountain pasture in northern Norway (69°20'N). The concentrations of 2 H and ls O were measured in water extracted from samples of faeces collecred from the animals 0.4 and 11.2 days after injection of the isotopes. Calculated rates of water flux and COyproduction were adjusted to compensate for estimated losses of 2 H in faecal solids and in methane produced by microbial fermentation of forage in the rumen. The mean specific TEE in the three animals was 3.057 W-kg-1 (range 2.436 -3.728 W-kg 1 ). This value is 64% higher than TEE measured by the DLW method in four captive, non-pregnant adult female reindeer in winter and probably mainly reflects higher levels of locomotor activity in the free-living animals. Previous estimates of TEE in free-living Rangifer in winter based on factorial models range from 3.038 W-kg 1 in female woodland caribou (R. t. caribou) to 1.813 W-kg 1 in female Svalbard reindeer (R. t. platyrhynchus). Thus, it seems that existing factorial models are unlikely to overestimate TEE in reindeer/caribou: they may, instead, be unduly conservative. While the present study serves as a general validation of the factorial approach, we suggest that the route to progress in the understanding of field energetics in wild ungulates is via application of the DLW method.
Introduction
The main advantage of the doubly labelled water (DLW) method for measuring C02-production (Lifson et a/., 1955; Lifson & McClintock, 1966) over alternative methods fot measuring energy expenditure, such as respirometry, is that it permits the study of subjects living unrestricted in their natural environment. All published estimates of TEE in free-living reindeer and caribou (Rangifer Rangifer, 20 (4), 2000 RangiSer, 20 (4): 211-219 tarandus) are based on factorial models in which activity budgets have been combined with the known energetic costs of different types of behaviour (e.g. Boertje, 1985; Fancy, 1986; Tyler, 1987 ). An advantage of factorial models has been their low cost compared to the DLW method but with the reduction in the cost of isotopes and improvement in mass spectrometry, the difference in price between the two procedures has been greatly reduced. One weakness of factorial models is that collection of data is labour intensive and time consuming. Furthermore, activities are usually assigned to just a few standard categories (e.g. lying down, standing, grazing, walking), while largely ignoring the variation in energy expenditure within each of these categories (e.g. the change in energy costs associated with running at different velocities or over different substrates (e.g. Thing, 1977; White & Yousef, 1978) ). Lastly, factorial models are normally based on standard energy costs and mean activity budgets so that between animal variation in metabolism and levels of activity is inevitably overlooked (Parker etal, 1990; Midwood etal., 1994) .
The DLW method has been used to measure rates of energy expenditure in more than 60 species of mammals (Nagy, 1994) but only six species of ruminants Nagy et al, 1990; Parker et al, 1990; Midwood et al, 1994; Nagy & Knight, 1994; Gotaas et al., 1997; Haggarty et al.. 1998) . Reluctance to apply the DLW-method in ruminants has been due in part to uncertainty regarding (i) the effect of the large volume of water in the gastrointestinal system relative to the total body water volume on the rate of equilibrarion of isotopically labelled water and (ii) the importance of 'non-water loss' of 2 H in microbially produced methane, in faecal solids and through sequestration in de novo synthesised tissue (e.g. Midwood et al., 1993) .
The primary aim of the present study was to estimate TEE in reindeer living unrestricted at natural mountain pasture in winter using the DLW method. Under such conditions, the need to catch animals for sampling presents considerable practical problems. To overcome these practical problems we have developed an approach which requires only the sampling of faeces (Gotaas & Tyler, 1995; Gotaas et al, 1997) . The concentration of injected markers ( 2 H and ls O) can then be measured in water extracted from faeces samples. The secondary aim of the study was to compare estimates of TEE based on DLW measurements (adjusted for non-water losses of 2 H) in free-living animals with TEE determined in captive reindeer (also using DLW, Gotaas et al, 1997) and TEE estimated in free-living caribou and Svalbard reindeer using factorial models (Boertje, 1985; Fancy, 1986; Tyler, 1987) .
Methods

Experimental procedures
Experiments were conducted from 7 ,h February to 212 11 th March 1996 on five young (22 months) male reindeer (R. t. tarandus) A, B, C, D, E, mean body mass (BM) 61.1 (s = 3.6, range 54.5 -65.0) kg, in a herd of approximately 350 free-ranging, semidomesticated reindeer in Finnmark, Norway (69°20'N). The herd was gathered and the experimental animals were caught by hand and weighed to 0.1 kg on an electronic balance (Alpha 2001C, Farmer Tronic, Denmark) . Four of the animals (B, C, D and E) were injected with sufficient sterile, pyrogen-free 2 H2 ,8 0 (160 ml, approximately 10% enrichment of both isotopes) to enrich the body water 2 H and ls O by approximately 300 ppm (part per million) excess. The fifth animal (A) was injected with 160 ml sterile physiological saline. All doses were injected through the body wall on the left hand side of the animal directly into the dorsal sac of the rumen at a point approximately 5 cm caudal to the 14 th rib and approximately 5 cm ventral to the apex of the transverse process of the 2 nd lumbar vertebrum (Engebretsen, 1975) . The exact amount of DLW injected was determined gravimetrically by weighing the dose syringes with their needles to 0.001 g before and after injection.
One sample of faeces (approximately 25 g wet weight) was collected from each animal prior to injection of DLW for determination of the background levels of 2 H and la O in the body water. Samples were taken from the rectum and put into screw-cap plastic vials which were immediately sealed and then stored at -20 °C until analysed.
Following injection of the isotopes the animals were tethered and provided with food (lichens Cladonia spp.) and snow ad lib. until new samples of faeces were collected (as above) at approximately 11 h post-injection at which time the isotopes were assumed to have reached equilibrium in the body water pool (Gotaas & Tyler, 1995) . Thereafter all five animals were released back into the herd in which they then moved freely, grazing on natural mountain pasture for the remainder of the experiment. We were subsequently unable to locate one of the experimental animals (reindeer D) but the remaining four animals were recaught, weighed and samples of faeces were collected at 11, 22 and 32 days post-injection in the manner described above.
Water was extracted from two or three portions of each sample of faeces (each portion approximately 2 g wet weight) by vacuum sublimation (Midwood, 1990) . The sublimated water was combined by sample and stored in 5 ml cryo-tubes (Greiner Labortechnik, Germany) at -20 °C until analysed.
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Ambient temperatures during the field trial were recorded at the Norwegian Meteorological Institute weather-station at Cuovddatmohkki, approximately 12 km from where the herd was grazing.
Analyses
The concentration of 2 H and ls O was measured in sublimated faeces water, in diluted solutions of the dose and in the diluting water. ls O was determined after equilibration of H2 ls O with C02 (Midwood et al, 1992 ) on a SIR A 12 isotope ratio mass spectrometer (VG Isogas, Middlewich, UK). 2 H20 was converted to hydrogen gas by zinc reduction (Wong et al, 1987) , with the modification that 500 mg zinc was used for the reduction, and the 2 H content was determined using a SIRA 10 isotope ratio mass spectrometer (VG Isogas). All analyses of 2 H and 1!i O were performed in at least three replicates and the mean ppm values were used in subsequent calculations (within sample CV <0.450% for 2 H and <0.066% for ,s O).
Calculations
Body water pool size, rate constants for disappearance of 2 H and ls O (kD and k0), water flux (JH20) and rate of C02-production (r( 02) were calculated using the two-point method. The difference in rates of disappearance of 2 H and l s O was assessed from analysis of samples collected at equilibrium and on day 11 of each trial. Parameters were calculated according to Coward (1990) , Schoeller & Coward (1990) and Haggarty et al. (1994) , while errors were estimated according to Cole et al. (1990) and Haggarty et al. (1994) . To investigate the effect of an increase in the study duration on the two-point calculations, rC02 and TEE were also calculated using the samples collected on day 22 and 32, respectively, as the last-point sample.
The parameters JH2() and rCOi were calculated as follows:
The fractionation factors fj ( 2 H20 [vapour] : 2 H20 [liquid]), f2 (H2 la O [vapour] : H2 ls O [liquid]) and f3 (C 18 02 [gas] : H2 ,8 0 [liquid]) were taken as 0.94, 0.99 and 1.04, respectively (Schoeller & Coward, 1990 ). X denotes the proportion of the total water Rangifer, 20 (4), 2000 loss assumed to undergo fractionation and was calculated using an iterative approach (Haggarty et al., 1998) . Initially, X was set at 0.4, and all parameters were calculated for each animal based on this value. A new value for X was then obtained using the following equation:
where TEE is given in MJ-dJH2[, is given in g-d' 1 , 0.45 is the proportion of heat lost evaporatively in reindeer (Folkow & Mercer, 1986 ) and 2.418 kj-g 1 is the latent heat of evaporization of water (Blaxter, 1989 ) -The iterative calculation of X and TEE was repeated until no further change in eithet parameter was observed, at which point the mean value of X for the three reindeer was 0.55.
The calculated values for JH2Q and rco, were adjusted to compensate for non-water losses of 2 H in faecal solids and microbially produced methane (CH4) in the following manner. Total faecal dry matter production was estimated assuming an intake of lichen (Cladonia spp.) of 15 g dry matter per kg BM per day (Gotaas et al, unpubl. ) and a lichen digestibility of 86.2% (Sletten & Hove, 1990 ) . Furthermore, we assumed an apparent water flux due to loss of 2 H in exchangeable positions in reindeer faeces corresponding to 0.152 g H20-g 1 faeces dry matter (Gotaas et al, 2000) . The loss of 2 H incorporated into CH4 was estimated following the procedure of Midwood et al. (1989) , assuming a ratio rC02 to rCH4 of 20 in reindeer in winter (Gotaas et al, unpubl.) . We also assumed that the apparent water flux due to this loss of 2 H in CH4 corresponded to 1.05 g H20-1-' CH4 (Midwood et al, 1989) . The sequestration of 2 H through incorporation into de novo synthesised fat was assumed to be negligible because the estimated rate of fat synthesis in young reindeer in the experimental herd during winter was <10 g-d 1 (Christiansen et al, 1997) . The total apparent water flux due to non-water losses of 2 H was used to adjust the rate of C02-production assuming that each gram overestimation of H20 was equivalent to an underestimation of rCQ2 of 0.598 1 .
r02 was calculated from rCQ2 using a respiratoty quotient (RQ) value of 0.91 (estimated from the chemical composition of lichen, Sletten & Hove, 1990; Soppela et al, 1992) ) according to Black et al. (1986) .
Finally, TEE (kj-d') was calculated according to the equation of Brouwer (1965) as follows:
TEE=l6.18-rO2+5.02-rCO2-2.17-rcw-5.99-UNL (equation 4) where r02, rC02 and rCH4 are given in 1-d', while UNL is Urinary Nitrogen Loss given in g-d' 1 (estimated by iteration as: UNL = TEE-Digestible energy in diet-Digestibility of diet-Nitrogen in diet, where TEE is in kj-d', digestible energy is in g-kj 1 and nitrogen content is in g-g l dry matter).
Statistical analysis
Changes in the body mass of each animal and in the concentrations of 2 H and ls O in the body water of the control animal during the course of the trial were examined by linear regression (least squares) analysis. The significance of regression coefficients was determined using ?-tests.
Values of TEE calculated from study durations of 22 and 32 days were compared with values calculated from a study duration of 11 days using Mann-Whitney t/-tests.
Two-tailed tests were used throughout. H0 was rejected at P>0.05 in all tests.
The experiments described in this article have been conducted in accordance with current regulations for experimental research involving live animals in Norway.
Results
Background concentration of isotopes
The concentration of 2 H and ls O (Table 1) did not change significantly in the control animal during the 32 day period covered by sample collection (P>0.05).
Body mass
The body mass of the reindeer (Table 2) did not change significantly during the 32 day period covered by sample collection (P>0.05).
Ambient temperature
The mean of the standard daily middle temperature during the period from 7 th to 19 th February was -17.6 °C; from 7 th February to \" March it was -14.0 °C and from 7 th February to lT h March the mean was -11.6 °C (Table 3) .
Dilution spaces
The isotope dilution space volumes differed only slightly between individuals and ranged from 68.8% to 70.7% of body mass for ND and from 67.3% to 69.8% of body mass for NQ-The value for N0 was higher, while the value for ND was lower in reindeer E compared to reindeer B and C. Consequently, the dilution space tatio (ND:N0) was lower in this animal (0.985) compared to the other two (ND:ND = 1.051 and 1.040, respectively) (Table  4) .
Marker disappearance
Based on previously reported rates of marker disappearance (e.g. Gotaas et al, 1997) , we allowed the experimental trials to run for 30 days to comply with the recommendation that DLW-studies should have a duration of 2-3 biological half-lives (t1/2) of isotope markers. In fact, the rate constants ranged from 0.098 to 0.126 for kD and from 0.128 to 0.161 for k0 (Table 4 ), corresponding to average values of t1/2 of 6.03 days for 2 H and 4.68 days for ls O, respectively. All calculations were therefore performed using data obtained from samples collected at equilibrium and 11 days after injection of DLW (i.e. 1.8 
CO^-production and total energy expenditure
The mean rC02, adjusted to compensate for loss of 2 H in methane and in faecal solids during the experimental period, was 707 1-d-1 (range 584 -794; Table  4 ), equivalent to a mean specific TEE of 3.057 W-kg-1 (range 2.436 -3.728; Table 4 ). The highest individual value for specific TEE was 1.53 times the lowest individual value.
Effect of expanding the experimental period on estimated TEE
The effect of expanding the experimental period was assessed by repeating all calculations using the samples collected on day 22 and day 32, respectively, as the last-point value rather than the samples collected on day 11. The mean specific TEE based on a study duration of 22 days was 3.414 W-kg" 1 (range 2.115 -5.379; Table 5 ) while the mean value based on a study duration of 32 days was 2.290 W-kg 1 (range 1.508 -2.537; Table 5 ). Neither value differed significantly from the mean value of 3.057 W-kg 1 (Table 5 ) calculated based on a study duration of 11 days (P>0.05).
Discussion
The present study is the fitst to report estimates of energy expenditure in a free-living wild ungulate based on direct measurement of physiological parameters recorded over a significant period of time. We have demonstrated three key points. First, we have shown that the doubly labelled water method can be successfully applied under field conditions even in the middle of winter at very low ambient temperatures. Second, we have detected unexpectedly large individual variation in TEE in animals of the same sex and age living under identical conditions. Third, we have demonstrated that existing factor-ial models are unlikely to overestimate TEE in reindeer/caribou: they may, instead, be unduly conservative. The mean TEE of 3.057 W-kg 1 recorded in the three male reindeer in the present study is remarkably similar to Fancy's (1986) Table 6 ). The latter two estimates are quite similar to the mean TEE of four captive adult female reindeer (R. t. tarandus) kept in semi-outdoor paddocks in February, measured using DLW (1.866 W-kg-1 , Table 6 ). it is, of course, impossible to investigate the reasons underlying the differences between these various estimates of TEE, as they are likely to differ from case to case. The present study serves, rather, as a general validation of the factorial approach. We suggest, further, that the route to progress in the understanding of field energetics of wild ungulates is via application of the DLW method.
CO2-production and total energy expenditure
The mean TEE in the free-living reindeer reported here was 64% higher than the mean TEE of four captive reindeer estimated using DLW (Gotaas et al, 1997) . The present study used young male animals while Gotaas et al, (1997) used non-pregnant adult females; however, neither the difference in the age or the sex of the animals is likely to explain so large a difference in TEE. Silver et al. (1969) for instance, found no significant difference in fasting metabolic rate between male and Table 4 . Body mass (BM; kg), study duration (days), dilution spaces (N) and rate constants (k) for 2 H and ls O, water flux (JH20), rate of C02-production (rC02) and 02-consumption (r02) and total energy expenditure (TEE; MJ-d 1 and W-kg ') in three free-living, male reindeer (22 months old) in winter. rC02 has been adjusted to compensate for loss of 2 H20 in faecal dry solids and in microbially produced methane (CH4). Similarly, factors such as age, rate of growth and level of feeding account for only 6% of the total variance in basal metabolic rate (BMR) in sheep (Graham et al, 1974) . The ambient temperature in the study area was periodically below the lower critical temperature of reindeer in winter of -30 °C (Nilssen et al, 1984) . Consequently, it is likely that the elevated TEE in our free-living reindeer was due at least in part to thermoregulatory thermogenesis. Keeping in mind the high insulative value of reindeer fur (Folkow & Mercer, 1986) , however, even the lowest temperature recorded (-35.2 °C) is unlikely to have represented a substantial thermal load for the animals. The most likely explanation is that the high specific TEE in free-living reindeer compared to captive individuals, is caused mainly by a higher level of locomotor activity.
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The present study revealed large individual variation in TEE between animals of the same age and sex living under identical conditions, with the highest value (3.728 W-kg 1 ) being 53% higher than the lowest value (2.436 W-kg-1 ). Individual variation in TEE of similar magnitude has been recorded in previous DLW studies with captive female reindeer (range 1.662 -2.055 W-kg 1 (» = 4) in winter and 2.504 -4.623 W-kg-1 (» = 4) in summer (Gotaas et al, 1997) ) and in captive male sheep (range 1.800 -2.848 W-kg 1 (n = 4) (Midwood, 1990) ). It is not possible to ascertain whether the variation in TEE in either of these studies was a consequence of differences in minimal metabolic rate or differences in the level of locomotor activity of the animals. The fact that individual variation in BMR in humans has been reported as being only 6-7% (Garby & Lammert, 1994) , however, suggests that differences in the level of locomotor activity is a more likely explanation of large individual differences in TEE such as those observed in the present study. Resting metabolic rate (RMR) has often been taken as being representative of the 'basal' state due to the inherent difficulties in defining a basal metabolic rate in ruminants. McEwan (1970) reported values of RMR ranging from 1.61 to 2.04 W-kg 1 in two female barren ground caribou (R. t. groenlandicus), a difference of 27%. This is con- siderably higher than the variation in BMR reported for humans but is still small compared to the individual differences in TEE recorded in free-living reindeer in the present study. We therefore conclude that the large variation in the specific TEE of our reindeer probably reflects individual differences in the level of locomotor activity.
Marker disappearance
The mean half-lives of 2 H and ' s O in the present study (6.03 days and 4.68 days, respectively) are surprisingly low and indicate a rapid turnover of both isotopes. By comparison, the reported t1/2-values for isotopes of H and O in captive reindeer and caribou in winter range from 8.4 to 14.0 days for 2 H and 3 H, respectively, and from 6.1 to 8.9 days for ,s O (e.g. Larsen & Blix, 1985; Fancy et al, 1986; Gotaas & Tyler, 1995; Gotaas el al, 1997) . The short half-life values and, consequently, high JH20 observed in rhe free-living reindeer in the present study, was most probably due to the combined effect of (i) a highet respiratory evaporative water loss associated with high TEE (Folkow & Mercer, 1986 ) and (ii) ingestion of snow while feeding from craters in the snow. Similar differences in body water parameters between captive and free-living individuals of the same species have been found in black-tailed deer (0. h. sitkensis); Parker et al. (1993) found that the water flux in summer was more than twice as high in free-living compared to captive animals, a finding they attributed to the increased evaporative water loss and greater moisture content of the diet.
Dilution spaces
The theoretical range of dilution space ratios (ND:N0) in reindeer has been estimated at 1.038 -1.062 (Gotaas et al, 1997) . The dilution space ratio of two of the animals in the present study fitted comfortably inside this tange while in a third animal the ratio was substantially lower (0.985). This animal appeared neither unusually lean, nor did any of the calculated parameters (rate constants, rt:02, TEE, etc.) differ between this and the two other DLW-dosed reindeer. At present, therefore, we have no explanation for the low dilution space ratio in this reindeer.
Effect of expanding the experimental period on calculated TEE
The mean TEE did not change significantly aftet increasing the duration of the study from 11 to 22 and 32 days, respectively. Schoeller & Taylor (1987) , who investigated the precision of the DLW method as a function of increasing study duration in humans, concluded that 'The mean values for each metabolic period were not statistically different from those of the first 7 d and the precision at 14 d was quite similar to those ptedicted from the model in which we assumed that we were limited by analytical error of the isotopic analyses. The precision for longer periods, however, became progressively worse than the predicted precision.' We found that the standard deviation of our estimates of TEE tended to increase when the duration of the study was expanded from 11 to 22 and 32 days, respectively, probably because at this stage the concentrations of both isotopes were close to the background values.
Conclusions and perspectives
The tesults presented here demonstrate the usefulness of the DLW method fot estimating TEE in a free-living ruminant such as reindeer in winter. The large differ-ences in TEE between free-living and captive reindeer, most likely due to differences in the level of locomotor activity, indicate that prediction of the TEE of free-living reindeer from studies of captive animals is not necessarily valid. The data presented here raise several questions related to the energetics of free-living reindeer. For instance, what is the basis and extent of the individual differences in TEE between animals of the same sex and age living under identical conditions? What is the basis of the large difference between free-living and captive reindeer in winter? Is the difference likely to be equally large in summer? We have suggested that differences in levels of locomotor activity may be a majot determinant of individual variation in energy expenditure. The development of new, high capacity activity data loggers (van Oort et al, 1999a; presents an excellent opportunity for simultaneous recording of activity and estimation of TEE using the DLW method. The combination of these two techniques would represent a novel approach for the study of individual variation in TEE and would provide a better description of the energetics of animals living in their natural habitat.
